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Abstract 
Homogenous densities in the liquid phase and VLE data were measured for the monoethanolamine and carbon dioxide 
system. The density data were obtained on five isotherms in a temperature range between 313.15 K and 353.15 K at 
atmospheric pressure and for two different loadings. VLE data were acquired on the isotherms 333.15 K, 353.15 K, 
and 373.15 K. These new data enabled the adjustment of an e-NRTL Gibbs excess model in combination with a cubic 
equation of state for CO2 to describe the gas phase. The model represents the partial pressure of CO2 above carbon 
dioxide loaded pure monoethanolamine well. 
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1. Introduction
The global warming caused by continuously increasing 
concentrations of the greenhouse gas carbon dioxide in 
the atmosphere has to stay below a temperature increase 
of 1.5 °C [1] in order to prevent severe consequences of 
an irreversible climate change. Decreasing the CO2 
pollutions from e.g. energy or chemical industries is the 
main goal. Here, a key technology is carbon capture and 
storage (CCS). For the separation of CO2 from for 
example flue gases of power plants burning fossil fuels, 
amine solutions are one of the most promising and 
mature approaches [2]. One of the most analyzed amines 
that is often used as a benchmark is aqueous 
monoethanolamine (MEA). 
In most calculations and simulations, the thermodynamic 
properties of the multicomponent mixture 
MEA + CO2 + H2O are represented with models, which 
are based on combinations of binary interactions of the 
contained components. These models are typically 
adjusted to ternary data. However, it is discussed if the 
binary parts itself are represented properly. To our 
knowledge there is no data available for the non-aqueous 
system of only MEA + CO2 to check this or to enhance 
the adjustment of the ternary model. In order to extend 
the possibilities of model validation, data were 
experimentally measured for the binary mixture of 
MEA + CO2. Homogeneous density data were measured 
for CO2 loadings of 0.12 mol CO2 / mol MEA and 
0.22 mol CO2 / mol MEA at atmospheric pressure on the 
isotherms 313.15 K, 323.15 K, 333.15 K, 343.15 K, and 
353.15 K. The VLE data cover the three isotherms 
333.15 K, 353.15 K, and 373.15 K. The latter ones were 
the basis for the development of a Gibbs excess energy 
model in form of the e-NRTL [3]. To describe the gas 
phase of the phase equilibrium data, a cubic Peng-
Robinson equations of state [4] for CO2 was used. 
2. Materials and Methods
Carbon dioxide (CO2, CAS: 124-38-9), with a purity of 
99.999 % was provided by AGA and monoethanolamine 
(MEA, CAS: 141-43-5), with a purity of ≥99.5 %, was 
provided by Sigma-Aldrich. MEA was used as received. 
The lot numbers for MEA were STBJ2248 and 
STBH4366. 
2.1 Density Measurements 
Density measurements were performed using an Anton 
Paar DMA 4500 M density meter (Evjen et al. [5]). The 
density meter is equipped with a temperature-regulated 
magazine which can take up to 44 samples with 10 mL 
solution and an Xsample 452 for automatic filling, 
measuring, and cleaning. The measurements were 
conducted in the temperature range 313 K – 353 K and 
for each sample two density measurements were made, 
with only the average value being reported. Between 
every sample a control sample containing Millipore 
water was placed. The measurements were carried out 
under atmospheric pressure. However, no pressure 
control was used. The water measurements laid the basis 
for estimating the uncertainty of the density 
measurements. 
2.2 Vapor-Liquid Equilibrium (VLE) Measurements 
Vapor-liquid equilibrium (VLE) measurements were 
carried out using the same apparatus (Figure 1) as 
previously used by Hartono et al. [6]. The apparatus 
consists of a Büchi glass reactor and a stainless-steel gas 
holding vessel. The pressure in the reactor and in the 
vessel is measured by a pressure transmitter PTX5072, 
with a pressure range of 0 kPa – 600 kPa (uncertainty of 
±0.15 % of the full scale), and the temperature of the gas 
and liquid phase is measured by Pt-100 thermometers 
(uncertainty of ±0.1 K).  
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Prior to generating VLE data for the MEA + CO2 system, 
the VLE apparatus was validated by measuring the 
solubility of CO2 in water. Since the experimental 
procedure used for validating the apparatus was slightly 
different from the one used to generate VLE data, the 
procedures are described separately. 
Figure 1: Illustration of the VLE apparatus. The figure is 
retrieved from Hartono et al. [6]. 
The solubility of CO2 in water was measured in the 
temperature range of 313 K – 393 K and the 
experimental procedure was similar as described in 
Bernhardsen and Knuutila [7]. Briefly, the reactor was 
first evacuated at 293 K – 298 K, fed with a known 
amount of deionized water, and then evacuated again to 
remove potential air that entered the reactor during 
filling. The deionized water was then heated to desired 
temperatures in the range of 313 K – 393 K and, at each 
temperature, equilibrium was established. This resulted 
in a temperature-pressure profile before the addition of 
CO2. At the highest experimental temperature, CO2 was 
added from the gas holding vessel to the reactor. Then, 
the system was left to equilibrate and when equilibrium 
was reached, the temperature was decreased for new 
equilibrium points. This resulted in a temperature-
pressure profile after the addition of CO2. 
At each temperature, the equilibrium partial pressure of 
CO2 (𝑝CO2) was calculated from total pressure








This is based on the assumption that “the partial pressure 
of the liquid phase remains constant and is equal to the 
total pressure in the reactor before the first addition of 
CO2” as stated in Kim et al. [8] or in Knuutila and 
Nannestad [9]. 
The concentration of CO2 in the liquid phase, at each 
temperature, was calculated as given in Eq. (2) in which 
the amount of CO2 added from the gas holding vessel, 
𝑛CO2
added, and present in the gas phase of the reactor, 𝑛CO2
g ,
was calculated using the Helmholtz energy equation of 







The CO2 solubility was expressed by Henry’s law 





2.2.1 VLE Measurements of the MEA + CO2 System 
VLE data for the MEA + CO2 system were generated in 
the temperature range of 333 K – 373 K and the 
experimental procedure was the same as described in 
Hartono et al. [6]. Similar as above, the reactor was first 
evacuated, fed with a known amount of MEA, and once 
again evacuated. The experiments were carried out 
isothermally and under stirring at the experimental 
temperature, the system was left to equilibrate. When a 
stable temperature and pressure were obtained, CO2 was 
added from the gas holding vessel to the reactor. The 
system was once again left to equilibrate before a new 
portion of CO2 was added to the reactor. This procedure 
was repeated until the total pressure in the reactor at the 
experimental temperature was around 500 kPa. At the 
end of the experiment, a liquid sample was collected for 
CO2 and amine analysis. On average, the CO2 loading 
determined from the liquid analysis deviated 2 % relative 
to the loading from the calculated values. 
The partial pressure of CO2 was calculated from Eq. (4) 
by using information about the total pressure (𝑝total) and
the pressure in the reactor before the addition of CO2 
(𝑝initial).
𝑝CO2
= 𝑝total − 𝑝initial (4) 
The concentration of CO2 in the liquid phase was, as 
above, calculated using Eq. (2). 
3. Theory and Model Description
The phase equilibrium is described in general by the 
equality of the chemical potential of each component i in 




l . (5) 
The gas phase can be described in the following manner: 
𝜇
𝑖








The gas constant 𝑅 = 8.314462618 J ⋅ mol−1 ⋅ K−1 is
defined in Newell et al. [11]. The reference pressure 𝑝ref
is set to 1 atm. To calculate the fugacity coefficients in 
the gas phase 𝜑𝑖
g, a cubic Peng-Robinson equation of
state by Peng and Robinson [4] is used. Since the models 
for the gas and liquid phase refer to different reference 
states this needs to be considered in the chemical 
potential with 𝜇𝑖ref. The description of the liquid phase is
accomplished with an activity coefficient approach. It 
reads 
𝜇𝑖




∞ . (7) 
The activity coefficients are derived from a Gibbs excess 
energy model in form of the e-NRTL according to Chen 
and Evans [3]. The model is based on the summation of 
short range interactions, which is a temperature 
dependent function of non-randomness and energy 
parameters and long range interactions describing 
electrostatic forces [3]. Similar to Monteiro et al. [12] and 
Putta et al. [13], the long range term is a Pitzer-Debye-
Hückel term corrected by a Born term as published by 
Austgen et al. [14]. The parameters of the e-NTRL model 
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can be found in Table 1 and Table 2 in the appendix. Each 
of the components has an assigned reference state. For 
MEA the pure component reference state was chosen. 
Thus, 𝛾MEA∞  is equal to zero. CO2 is at the reference state 
of a pure component in an infinite dilution of water. 
Because of this reference state and the general structure 
of the e-NRTL model, information about the contribution 
between water and these components are needed to 
calculate 𝛾𝑖∞. Therefore, all parameters containing water
in Table 1 were adopted from a ternary e-NRTL model 
presented in Putta et al. [13]. It has to be noted that these 
parameters solely influence 𝛾𝑖∞ because the mole fraction
of water is equal to zero, which makes its influence 
vanish. The other parameters of the new e-NRTL model 
were adjusted to the VLE data reported in section 4.2 by 
using a particle swarm optimization algorithm from 
Monteiro et al. [12]. Depending on the reference state, 
the correction of the chemical potential in Eq. (6) for CO2 
is 
𝜇CO2




with the Henry’s law constant 𝐻CO2 in H2O taken from
Carroll et al. [15] and for MEA 
𝜇MEA




with the saturation fugacity coefficient and saturation 
pressure of pure MEA at the specific temperature. 
The mixture of MEA + CO2 is assumed to be reactive 
also without the presence of water, as stated in Han et al. 
[16], which can be described with the following reaction 
equation 
MEACOO− + MEAH+ ↔ CO2 + 2MEA. (10) 
Hereby, MEAH+ and MEACOO– are also at pure 
component reference state in an infinite dilution of water. 
Thus, the 𝛾𝑖∞ used in Eq. (7) have to be calculated. The
reaction is assumed to occur only in the liquid phase. 
Therefore, the components MEAH+ and MEACOO– are 
not present in the gas phase and also do not require a 
correction of the chemical potential for the reference state 
in Eq. (6). The equilibrium constant 𝐾eq was empirically
determined during the adjustment of the e-NRTL 
parameters and reads: 
𝐾eq(𝑇) = exp (𝐴 +
𝐵
𝑇
+ 𝐶 ⋅ ln(𝑇 K⁄ ) + 𝐷 ⋅ 𝑇 )
with 𝐴 = −137.438, 𝐵 = −6661.75 K, 
 𝐶 = 36.5588, 𝐷 = −0.19082 K−1 
(11) 
For the results shown in section 4.2, the chemical 
equilibrium was solved with an algorithm by Michelsen 
and Mollerup [17]. The algorithm minimizes the overall 
Gibbs energy of the system applying a Lagrange 
multiplier based approach. Further details can be found 
in Pinto [18]. 
4. Results
In the following section, the results of the density and 
VLE measurements are presented and discussed. The 
VLE data are compared to the e-NRTL model with the 
newly adjusted parameters. 
4.1 Density Data 
The uncertainty and repeatability of the density 
measurements were 1 kg/m3 and 10−2 kg/m3,
respectively. The data can be found in Table 3 in the 
appendix and in Figure 2 with a comparison to densities 
of pure MEA. 
Figure 2: Homogeneous liquid densities for pure MEA [19] 
and CO2 loaded 100 wt% MEA solutions at atmospheric 
pressure (listed in the appendix). 
Similar to pure MEA, the density of the loaded solutions 
decreases with increasing temperature. As expected 
increasing the loading increases the density. 
4.2 VLE Data and Model Comparison 
The VLE experiments were validated by measuring the 
solubility of CO2 in water in the temperature range of 
40 °C – 120 °C (Figure 3, Table 4 in the appendix) and 
by comparing the data to the Henry’s law correlation 
provided by Carroll et al. [15]. 
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Figure 3: Experimental Henry’s law constants for CO2 in 
water in comparison to the correlation by Carroll et al. [15]. 
The average absolute relative deviation (AARD) between 
experimental and literature values [15] of the Henry’s 
law constant was 1.4 % and the repeatability was on 
average 2 %. The VLE data are tabulated in the appendix. 
A comparison with the model developed in this work is 
shown in Figure 4. 
Figure 4: Experimental VLE data (listed in the appendix) in comparison to the model developed for the MEA + CO2 
system and corresponding binary parameters taken from Putta et al. [13]. 
The ternary model was fitted only for aqueous solutions 
of up to 60 wt% MEA. Since it is not possible to describe 
the data in Figure 4 with the corresponding binary e-
NRTL parameters taken from the established e-NRTL 
model for the ternary system from Putta et al. [13] the 
adjustment of a binary model is necessary. The 
representation of the data with the new model is good 
with an AARD of 18.7 % in terms of pressure. The 
deviations decrease with increasing loading. Most of the 
data points are represented within the combined 
uncertainty with respect to the partial pressure of CO2 of 
𝑢c(𝑝CO2) = 1.3 kPa (cf. Table 5). Since the loading in
the VLE data is greater than 0.5 mol CO2 / mol MEA and 
due to the reaction equation in Eq. (10), also physical 
absorption has to occur. This is also captured by the new 
model as shown in the speciation diagram for one 
exemplary temperature in Figure 5. 
Figure 5: Speciation diagram of the developed model for 
the MEA + CO2 system with respect to loading of CO2. 
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The compositions of MEAH+ and MEACOO– are the 
same because of the equality of charge. Therefore, the 
green and red line overlap exactly. The CO2 is first 
physically absorbed until a loading of around 
0.2 mol CO2 / mol MEA when the reaction starts 
increasing the amount of MEAH+ and MEACOO–. This 
is also visible by the steeper decrease of MEA. At a 
loading of around 0.5 mol CO2 / mol MEA, the 
concentrations of MEAH+ and MEACOO– become 
almost constant and CO2 starts to increase again. 
5. Conclusion
The binary system of MEA + CO2 was experimentally 
investigated and described in terms of a Gibbs excess 
model. Homogeneous density data points in the liquid 
phase were measured for two loadings at atmospheric 
pressure in a temperature range of 313.15 K – 353.15 K. 
The data were compared to densities of pure MEA. VLE 
measurements at atmospheric pressure ranges in loadings 
from 0.238 mol CO2 / mol MEA to 
0.528 mol CO2 / mol MEA and the temperature from 
333.15 K to 373.15 K. The combined standard 
uncertainty with regard to partial pressure of CO2 is 
calculated to 1.3 kPa. An e-NRTL model for the liquid 
phase was adjusted to the VLE data considering the 
assumed reactive nature of the mixture forming 
protonated MEA and carbamate. The representation of 
the data with the model is qualitatively good. In most 
cases the experimental uncertainty could be matched. 
Since only the binary contributions from an established 
ternary model do not match the data an enhancement of 
the ternary models using the non-aqueous MEA + CO2 
data obtained in this work is an exciting idea for future 
work. The speciation shows a combination of chemically 
and physically absorbed CO2 in the liquid, which is 
confirmed by the VLE data. 
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Appendix 
Table 1: e-NRTL parameters of the short range terms for the system MEA + CO2 with water being apparent for the reference state of 
infinite dilution. The non-randomness parameters were fixed to 0.2. 
Molecular Parameters: 𝑎m,m and 𝑏m,m 
𝑎H2O,CO2  0 a 𝑏H2O,CO2  0 a 
𝑎H2O,MEA -1.2024 a 𝑏H2O,MEA 281.3086 a 
𝑎CO2,H2O 0 a 𝑏CO2,H2O 0 a 
𝑎CO2,MEA 0.86900 𝑏CO2,MEA -2997.52 
𝑎MEA,H2O 2.7657 a 𝑏MEA,H2O -1147.8744 a 
𝑎MEA,CO2  1.62828 𝑏MEA,CO2  -1616.26 
Molecule-Salt Parameters: 𝑎m,c a⁄  and 𝑏m,c a⁄  
𝑎H2O,MEAH+ MEACOO−⁄ -12.4523 a 𝑏H2O,MEAH+ MEACOO−⁄ 1017.78 a 
𝑎CO2,MEAH+ MEACOO−⁄ -8.92601 𝑏CO2,MEAH+ MEACOO−⁄ -4129.05 
𝑎MEA,MEAH+ MEACOO−⁄  -13.7033 𝑏MEA,MEAH+ MEACOO−⁄  -2761.98 
Salt-Molecule Parameters: 𝑎c a⁄ ,m and 𝑏c a⁄ ,m 
𝑎MEAH+ MEACOO−⁄ ,H2O 1.7486 a 𝑏MEAH+ MEACOO−⁄ ,H2O -496.199 a 
𝑎MEAH+ MEACOO−⁄ ,CO2 8.29695 𝑏MEAH+ MEACOO−⁄ ,CO2 -3157.30 
𝑎MEAH+ MEACOO−⁄ ,MEA 14.6325 𝑏MEAH+ MEACOO−⁄ ,MEA -3310.86 
a Adopted from Putta et al. [13]. 
Table 2: e-NRTL parameters of the long range terms for the system MEA + CO2 with water being apparent for the reference state of 
infinite dilution. 
Distance of closest approach 𝜌Dist 14.9 b 
Born radius 𝑟Born 3 ⋅ 10
−10 a 
Dielectric constant parameters [14]: 𝐷𝑖 = 𝐴𝑖 + 𝐵𝑖(1 𝑇⁄ − 1 𝐶𝑖⁄ ) 
𝑖 𝐴𝑖 𝐵𝑖  / K 𝐶𝑖 / K 
H2O 78.54 31989.38 298.15 
CO2 1.6 0 298.15 
MEA 35.76 14836 273.15 
a Adopted from Putta et al. [13]. 
b Adopted from Pitzer [20]. 
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Table 3: Experimental density data for the MEA + CO2 system at various temperatures. 
 𝜌 / (kg/m³) 
𝛼 / (mol CO2 / mol MEA) 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 
0.12 1075 1068 1061 1054 1046 
0.22 1137 1130 1124 1117 1110 
 
Table 4: Measured Henry’s constant for CO2 in water. 
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Table 5: Experimental vapor-liquid equilibrium data for the MEA + CO2 system. In the table, T is temperature, p is pressure, α is the 
CO2 loading with the combined standard uncertainty 𝑢c(𝛼) and 𝑤CO2  is the mass fraction of CO2 in the loaded solution with the 
combined standard uncertainty 𝑢c(𝑤CO2).
a 
T / K 𝑝tot / kPa 𝑝CO2 / kPa 
𝛼 / (mol CO2 / mol 
MEA) 
𝑢c(𝛼) / (mol CO2 / 
mol MEA) 𝑤CO2  𝑢c(𝑤CO2) 
333.15 2.5      
333.15 3.8 1.4 0.391 0.01 0.2199 0.0002 
333.15 4.6 2.1 0.422 0.01 0.2333 0.0002 
333.15 8.4 5.9 0.458 0.01 0.2480 0.0002 
333.15 19.9 17.4 0.480 0.01 0.2568 0.0002 
333.15 80.3 77.9 0.503 0.01 0.2659 0.0002 
333.15 351.5 349.0 0.528 0.01 0.2754 0.0002 
353.15 3.8      
353.15 6.4 2.6 0.375 0.02 0.2127 0.0003 
353.15 13.0 9.2 0.423 0.02 0.2336 0.0003 
353.15 52.8 49.0 0.468 0.02 0.2523 0.0003 
353.15 124.2 120.4 0.487 0.02 0.2598 0.0003 
353.15 201.6 197.8 0.497 0.02 0.2636 0.0003 
353.15 305.5 301.6 0.505 0.02 0.2668 0.0003 
353.15 397.2 393.3 0.510 0.02 0.2688 0.0003 
353.15 462.1 458.2 0.513 0.02 0.2699 0.0003 
353.15 492.9 489.1 0.515 0.02 0.2704 0.0003 
373.15 9.3      
373.15 10.8 1.4 0.238 0.01 0.1465 0.0002 
373.15 19.5 10.2 0.353 0.01 0.2029 0.0002 
373.15 33.5 24.2 0.395 0.01 0.2215 0.0002 
373.15 44.3 35.0 0.410 0.01 0.2282 0.0002 
373.15 76.5 67.2 0.435 0.01 0.2385 0.0002 
373.15 116.6 107.3 0.450 0.01 0.2448 0.0002 
373.15 225.5 216.2 0.470 0.01 0.2531 0.0002 
373.15 306.8 297.5 0.479 0.01 0.2564 0.0002 
373.15 361.0 351.7 0.483 0.01 0.2581 0.0002 
373.15 398.0 388.7 0.485 0.01 0.2591 0.0002 
373.15 9.2      
373.15 17.4 8.2 0.323 0.01 0.1887 0.0002 
373.15 37.5 28.3 0.398 0.01 0.2229 0.0002 
373.15 81.0 71.9 0.436 0.01 0.2391 0.0002 
373.15 253.8 244.6 0.474 0.01 0.2545 0.0002 
a Standard uncertainties u are 𝑢(𝑇) = 0.1 K and 𝑢(𝑝tot) = 0.9 kPa, and the combined standard uncertainties uc is 𝑢c(𝑝CO2) =
1.3 kPa. Due to small variations in α, three decimals are given. 
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